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ABSTRACT: Mesoporous multimetal oxide microspheres -]
(Ni—Ce—Al-0O) with tuned and uniformly distributed Y
composition are prepared through an aerosol-assisted self- sproy M Filte, 0 9
assembly approach and further used as catalysts for ammonia Q 0 motal oxide
decomposition. The as-prepared and spent materials are i Ry
characterized by various techniques including ex situ/in situ
X-ray diffraction (XRD), X-ray absorption fine structure .
(XAFS), scanning electron microscope (SEM)/transmission g g anns == ny-ow, [
electron microscope (TEM), X-ray photoelectron spectrosco- g Reduction/Aggregation | |

py (XPS), and N,-adsorption. The tricomponent Ni—Ce—Al—

O catalysts show great superiority over pure NiO or < Mickel

bicomponent catalysts (Ni—Ce—O and Ni—Al-O) in both

catalytic activity and durability. By using H,-TPR combined with in situ XRD, we have identified metallic Ni’ as the active
crystalline phase and further confirmed the strong interaction between alumina and other components. This strong interaction
helps suppress the growth of both metallic Ni’ as active site and ceria as promoter under the harsh catalytic conditions (high
temperature and reducing atmosphere) and thus improves the activity and stability simultaneously.
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B INTRODUCTION self-assembly. Using the AASA method, various MMOMs have
been prepared and applied in many fields such as drug release,”’
luminescence emitting,”' photocatalysis,”” pollutant dis-
posal,”*** and electrocatalysis.”® Recently, the universality of
synthesizing mesoporous metal oxides from metal nitrates has
been reported.”® However, most of the previously prepared
MMOMs via the AASA approach are monocomponent metal
oxides. The reports of multicomponent MMOMs produced via
AASA are still not extensive, and the underlying interaction
between different components, which may have a great

Mesoporous metal oxide materials (MMOMs) with size
ranging from nanometers to micrometers have aroused
increasing attention because of their compositional flexibility,
high surface area, and connected pore networks. Due to these
unique properties, MMOMs have been applied to a host of
fields, including catalysis,l_5 dye adsorption,é_8 imaging, and
drug delivery.g_B Among MMOMs, mesoporous transition
metal oxides exhibit particular importance in catalysis because
of their unique redox properties.

Previous synthetic tactics of MMOMs mostly involved time- influence on the structure and performance of the materials,
consuming methods like the sol—gel method'* or intricate has not been well studied.
methods like the hard-template method.">'® By contrast, the Ammomanlggan outstanding hydrogen source for fuel cell
aerosol-assisted self-assembly approach (AASA),'”'® a combi- applications™ """ since the decomposition of ammonia generates
nation of aerosol-spray and evaporation-induced self-assembly, high purity hydrogen gas without CO,. It is well-known that the
is an efficient and promising strategy. The aerosol-spray fused iron catalysts with small amounts of promoters (AlO,
technique is a suitable method that is capable of simple, Ca0, and K,0) havezglggen industrially used in ammonia
large-scale, and continuous production of nanoparticles. The synthesis for decades.”™" However, due to the different

evaporation-induced self-assembly process provides yielded
MMOMs with spherical morphology and high surface area.'’ Received: February 16, 2016
The whole AASA approach requires the employ of block Revised: ~ March 23, 2016
copolymer, which serves as a soft template and is removed after Published: March 24, 2016
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binding energies for ammonia synthesis and decomposition,
which result from the different reaction conditions,®" the fused
iron catalysts have rarely been applied to ammonia decom-
position.”” The supported metal or metal oxides catalysts, by
contrast, have been studied intensively. According to previous
studies, many noble metals (Ru,*~*° Rh,***” 1r’***) and
transition metals or their oxides (Fe,A'o_42 Mo, > Co,***
Ni**™) have been used as catalysts for ammonia decom-
position. In consideration of the high cost and limited
availability of noble metals, transition metal catalysts are
promising alternatives and have been widely investigated due to
their good performance and low cost.*>** However, most of the
transition metal catalysts prepared by traditional synthetic
methods such as coprecipitation®”*® and the deposition—
precipitation method*” suffer from the poor stability caused by
the sintering of active species. To resolve this problem, many
synthetic strategies have been developed to prepare stable
catalysts against sintering at high temperatures. For example,
catalysts of iron oxide nanoparticles embedded in the channels
of mesoporous carbon material (CMK-S) or in porous silica
shell were synthesized.”' These catalysts showed stable
performance during the catalytic tests for ammonia decom-
position. However, the synthesis procedure of the embedded/
encapsulated catalysts is normally complicated. Also the
activities of these catalysts cannot be fully optimized due to
the ineffective interaction between the active transition metal
species and the support materials, which is caused by the
limited loadings of transition metals and the small contact
interface of different compositions. Thus, applying an effective
synthetic way to fabricate transition metal composite catalysts
in which different components interact effectively based on
their homogeneous dispersion is very likely to benefit the
exploration of highly efficient and stable catalysts for the
production of hydrogen via ammonia decomposition.

Among the various transition metal catalysts for ammonia
decomposition, nickel-based catalysts have been extensively
studied.**>° Current studies on nickel-based catalysts are
mostly supported catalysts in which alumina (ALO;) is
commonly used as support due to its great thermal
stability;%'48 meanwhile, rare earth oxides such as ceria
(CeO,) are also used as cocatalysts to enhance the catalytic
activity.">>* Although considerable efforts have been directed,
the controllable synthesis and structure—property relationship
for nickel catalysts are still to be developed and explored in
depth. Herein, we report a facile and continuous aerosol-
assisted self-assembly approach to fabricate mesoporous nickel-
based multimetal oxide microspheres with tuned and
homogeneously dispersed composition. These as-prepared
materials were used as catalysts for the production of hydrogen
via ammonia decomposition. Compared with NiO and bimetal
oxides of Ni—Ce—O or Ni—Al—O materials, the trimetal
system of Ni—Ce—Al—O showed great superiority in both
reactivity and stability as catalysts for ammonia decomposition.
Systematic investigations demonstrate that the presence of
Al,O; greatly improves the dispersion of both nickel oxide and
CeO,, which induced strong interactions between Al,O; with
nickel oxide as well as CeO,. This strong interaction in the Ni—
Ce—Al-O system helps suppress the sintering of both the
active site (metallic Ni®) and cocatalyst (CeO,) under the harsh
catalytic conditions and thus improves the activity and stability
simultaneously.
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B EXPERIMENTAL SECTION

Materials. All materials were purchased from commercial
vendors and used without further modification and purification.
Ammonium carbonate ((NH,),CO;, 99.0%), nickel nitrate
(Ni(NO;),-6H,0, 98.0%), cerium nitrate (Ce(NO;);-6H,0,
99.5%), and aluminum nitrate (Al(NO;);-9H,0, 99.0%) were
purchased from Tianjin Kermal Chemical Reagent Factory. The
triblock copolymer, (ethylene oxide)qs-(propylene oxide),,-
(ethylene oxide),os (F127, M, 12000 g:mol™'), was
purchased from Sigma-Aldrich.

Catalyst Synthesis. The preparation of mesoporous oxide
microspheres was accomplished using an ultrasonic spray
method schematically illustrated in Scheme 1. In order to

Scheme 1. Illustration of the Productive Process in the
Aerosol-Assisted Self-Assembly Approach (AASA) for
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generate the oxide microspheres, Ni (NO,);-6H,0, Ce(NO,);-
6H,0, and AI(NO;);-9H,0 (2 mmol in total with certain
molar ratio), and triblock copolymer F127 (0.2 g) were
dissolved in absolute ethanol (30 mL) to form the precursor
solution. The mixture was sonicated for 10 min and then
transferred into a household ultrasonic humidifier (1.5 MHz, 30
W). The precursor solution turned into spray after atomization,
and the generated spray was carried into a tube furnace
(preheated to 450 °C) by N,. The resultant powder was
collected on a piece of filter paper. While in the furnace, the
metal salts in the mist drops went through solidification,
decomposition, and assisted assembly and finally yielded metal
oxide microspheres with inlaid block copolymer F127. The
collected powders were stored in a drying oven (80 °C) for 2 h
and later calcined at 450 °C in the tube furnace for another 4 h.
The calcination was carried out in air atmosphere, and the
heating rate was set as 1 °C-min~!. After calcination, the
catalysts were crystallized, and F127 was removed. Then the
mesoporous structure of the materials was formed. During the
following catalytic process, due to the reduction by generated
H,, metallic Ni’ particles were formed separately out of the
surface of the catalysts. The porosity of catalysts was also
changed after catalysis. The synthesized catalysts were
designated as Ni,Ce,Al O,. The name of each replica is decided
by the molar ratio of metal elements. For example,
Nij sCe, Al ,O, means the molar ratio of Ni:Ce:Al is 5:1:4.
The compared catalysts were prepared by a coprecipitation
(cp) method by a previously reported procedure.”® Metal
nitrates (Ni(NO,);-6H,0, Ce(NO,);-6H,0, and AI(NO,);
9H,0) and (NH,),CO; were starting materials. The
synthesized catalysts were designated as Ni,Ce,Al O, cp.
Catalyst Characterization. The ex-situ X-ray diffraction
(XRD) was carried out on a PANalytical B.V. X’pert3 powder
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diffractometer (40 kV, 40 mA), using Cu K, radiation (1 =
0.15406 nm). The catalyst powder (about 30 mg) was placed
on a glass sample holder after grinding. Data were collected by
a PIXcel1® detector in the 10—90° 20 range with an acquisition
time of 8.5 min. The in-situ XRD patterns were obtained from
the same diffractometer (40 kV, 40 mA, CuK,: 4 = 0.15406
nm) by using an Anton Paar XRK900 reaction chamber. About
100 mg of replicas was loaded on a ceramic sample holder
(diameter = 10 mm, depth = 1 mm) and then heated from
room temperature to 700 °C in a 5% H,/Ar gas mixture. The
flow rate of the gas through the replica was set as 30 mL-min ",
and the heating rate was 30 °C-min~". The XRD patterns were
collected at room temperature, 400 °C, 500 °C, 600 °C, and
700 °C, respectively. For each selected temperature, 3 rounds
of measurements with each one lasting for 20 min were carried
out, and the last round was chosen to analyze the crystallinity.

The X-ray absorption fine structure (XAFS) spectra at the Ni
K-edge (E, = 8333 eV) were performed at the 20-ID-B
beamline of Advanced Photon Source (APS) at 7 GeV and 100
mA or BL14W1 beamline of Shanghai Synchrotron Radiation
Facility (SSRF) at 3.5 GeV and 240 mA under “top-up” mode.
The XAFS data were recorded under transmission mode with
ion chambers for all the powder samples. The energy was
calibrated according to the absorption edge of pure Ni foil.
Athena and Artemis codes were used to extract the data and fit
the profiles. For the X-ray absorption near-edge structure
(XANES) part, the experimental absorption coefficients as a
function of energies u(E) were processed by background
subtraction and normalization procedures and reported as
“normalized absorption”. For the extended X-ray absorption
fine structure (EXAFS) part, the Fourier transformed (FT) data
in R space were analyzed by the NiO or NiO/Ni model for the
Ni—O or Ni—Ni shell, respectively. The passive electron
factors, Sy%, were determined by fitting the experimental Ni foil
data and fixing the Ni—Ni coordination number (CN) to be 12
and then fixed for further analysis of the measured samples. The
parameters describing the electronic properties (e.g., correction
to the photoelectron energy origin, E,) and local structure
environment including CN, bond distance (R), and Debye—
Waller (D.W.) factor around the absorbing atoms were allowed
to vary during the fit process.

All images of the transmission electron microscope (TEM)
were obtained on a JEOL JEM-2100 microscope (200 kV). The
scanning electron microscope (SEM) images of replicas before
catalytic process were taken on a Hitachi S-4800 ultrahigh-
resolution scanning microscope with an acceleration voltage of
5.0 kV. The element mapping results based on the energy-
dispersive X-ray spectroscopy (EDS), as well as the SEM
images of all magnetic replicas (replicas after catalytic process),
were derived from a Zeiss SUPRA 55 scanning microscope with
an acceleration voltage of 5.0 kV.

X-ray photoelectron spectroscopy (XPS) analysis was
operated on an Axis Ultra analyzer from KratisAnalytica Ltd.

The nitrogen sorption measurements were operated in a
Builder SSA-4200 surface area analyzer at 77 K after degassing
process at 200 °C for 6 h under vacuum. Pore size distribution
of each replica was calculated by applying the Barrett—Joyner—
Halenda (BJH) method. Surface area of each replica was
calculated by using the Brunauer—Emmett—Teller (BET)
method.

Temperature-programmed reduction by hydrogen (H,-TPR)
was operated in a Builder PCSA-1000 adsorption instrument
which was equipped with a thermal conductivity detector
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(TCD). An amount of 30 mg of catalysts was loaded in the
quartz tube and then heated from room temperature to 1000
°C with a ramping rate of 5 °C min~". The reduction progress
was in a 5% H,/Ar gas mixture at a flow rate of 30 mL min~".
Each sample went through a degassing pretreatment in pure O,
at 300 °C for 30 min before measurement.

Catalytic Tests. For a typical NH; decomposition experi-
ment, 50 mg (20—40 mesh) of the catalyst was loaded in a
quartz tube (inner diameter = 6 mm) fixed bed reactor, and
pure gaseous NH; was passed through the catalyst bed. For the
temperature-dependent conversion measurements of NH,, the
reactor temperature was increased from 400 to 600 °C in 50 °C
steps. At each step, the reaction was allowed to equilibrate for
60 min to reach the steady-state conditions, and data obtained
from the last gas chromatography (GC) run at each
temperature were used to calculate the conversion value. The
catalytic activity of each sample was tested twice, and the first
round of tests served as a self-activation process. Blank tests
with an empty reaction chamber yielded less than 1%
conversion at 600 °C and 10% conversion at 700 °C. The
space velocity was set as 18 000 cm® g~ h™" for catalytic activity
tests. In order to evaluate the stability of the catalyst, the
reaction temperature was maintained at 600 °C for more than
45 h, and the catalytic activity was recorded continuously. The
space velocity for stability tests was set as 18 000 cm® g™' h™"
and 90000 cm® g™' h™", respectively. The apparent activation
energy for NH; decomposition was determined at 380—460 °C,
and an equal conversion of 12.5% was controlled by changing
temperature and flow rate. The space velocity was varied
between 9000 and 60 000 cm® g™' h™' by tuning the ammonia
flow rates. The concentrations of outlet gases (N, and NHj;)
were analyzed by an online GC (Ouhua GC 9160), which is
equipped with a thermal conductivity detector (TCD) and
Porapark Q column (1.5 m of length).

B RESULTS AND DISCUSSION

Figure 1 exhibits the scanning electron microscope (SEM) and
transmission electron microscope (TEM) images of three
representative MMOMs from AASA. The diameters of the
microspheres in all replicas range from 0.1 to 2 pm, which is
coherent with the size distribution of the mist drop generated
in the ultrasonic humidifier.”* As shown in Figure 1la, 1c, and
le, the multicomponent products including the Ni—Ce—O,
Ni—Al-0O, and Ni—Ce—AI-O systems all give morphology of
solid microspheres with relatively smooth surfaces, while for
pure NiO products (Figure Sla), the microspheres are
shrivelled. The collapse of NiO microspheres may be attributed
to the poor diffusion ability of Ni** durinﬁg the decomposition
process of metal nitrates in the furnace.””>® The size of NiO
nanocrystals forming the microspheres is relatively large
(Figure S1b), and the complete self-assembly of pure NiO
nanoparticles during the short-time solidification may be more
difficult compared with CeO, microspheres (Figures Slc and
S1d) and other multicomponent products. The TEM images of
the three samples illustrate that the mesoporous structure of
the catalysts is formed in the frameworks.

The X-ray diffraction (XRD) technique is used to investigate
the phase and crystallinity of the MMOMs. The XRD patterns
in Figure 2a show that it is rhombohedral nickel oxide and
cubic cerianite ceria that crystallize in the pore walls of the
mesoporous microspheres, respectively. However, no crystalline
phases of Al,O; are determined in all replicas containing Al,
suggesting the Al,O; in the products is completely amorphous.

DOI: 10.1021/acs.jpcc.6b01595
J. Phys. Chem. C 2016, 120, 7685—7696


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01595/suppl_file/jp6b01595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01595/suppl_file/jp6b01595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01595/suppl_file/jp6b01595_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b01595/suppl_file/jp6b01595_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b01595

The Journal of Physical Chemistry C

Figure 1. SEM (a, ¢, e) and TEM (b, d, f) images of typical metal
oxide microspheres produced via AASA: (a, b) NiyCeyO,; (c, d)
NigsAl5O,; and (e, f) NigsCeq Aly4O,.

Table 1 shows structure parameters including crystalline
domain size and surface area of the four replicas. The
crystalline domain size of nickel oxide was 15.9 nm, 5.4 nm,
4.6 nm, and 3.6 nm for pure NiO, Niy;Ce;O,, NijsAlO,,
and NijCe Al ,O,, respectively, based on the calculation
using the Scherrer equation. The domain size of nickel oxide
was apparently smaller after the introduction of ceria and
alumina components, which corresponds well to our
observation on TEM images (Figure 1b, 1d, and 1f, Figure
S1b), indicating that the addition of either Ce or Al improves
the dispersion of nickel oxide.

The results of nitrogen adsorption measurements are given
in Figure 3. Generally, all multimetal oxide replicas have large
Brunauer—Emmett—Teller (BET) surface areas around 100 m*
g~'. The sorption isotherms and pore-size distribution of the
pure NiO sample (Figure 3d) suggest that this material has no
porous structures, while isotherms for the other three samples
in Figure 3a—c show a defined hysteresis loop and regular pore-

size distribution, which confirms the existence of mesoporous
structure. As shown in Figures 3d and S2, the difference in
surface areas between NiO (25 m” g™') and CeO, (120 m* g™")
is tremendous, and the TEM and SEM images of pure CeO,
products (Figure Slc and S1d) gave morphology of solid and
smooth microspheres. These observations denote that CeO,
nanocrystals serve as the skeleton for the Ni—Ce—O micro-
spheres, and the larger surface area of NijsCeysO, (152 m?
g™') further proves the improvement of nickel oxide dispersion
by CeO,. The Niy3Ce(sO, replica has a well-shaped and
pronounced hysteresis loop with a forced closure at a relative
pressure of 0.6 because of capillary criticality. In comparison,
the Nig;Aly sO, replica has an apparent adsorption step at about
0.46 P/P, with a less well-shaped hysteresis loop. The sorption
isotherms and pore-size distribution both suggest that the
mesoporous structure of Nij;Ce( O, comes from the addition
of ceria. Besides, the Nij;Al; sO, replica has a fraction of larger
mesopores between 20 and 40 nm. The occurrence of large
mesopores may arise from the tiny amorphous Al,O; particles
and partial hollow structures inside the spheres, which can as
well explain the higher BET surface area of this replica. The
NiysCey 1Al 4O, replica has larger mesopores than the other
replicas, but the surface area is not as large as the one of
Nij sAly5O,. Considering the observation in Figure 1lc and d,
such a decrease in surface area might be attributed to the
destruction of mesoporosity during the crystallization of CeO,.

The surface structure of Ni—Ce—O and Ni—Ce—Al-O
replicas was investigated using X-ray photoelectron spectros-
copy (XPS), the results of which are illustrated in Figure 4. In
Figure 4a, the Ni 2pl/2 peak at 872.9 eV and the
corresponding satellite peak at 8822 eV™* are evidently
detectable on both replicas. Besides, the high intensity of the
Ni 2p3/2 peak at 853.7 eV with a shakeup satellite peak at
860.9 eV>" suggests the presence of NiO or Ni*. After a
temperature-dependent catalytic test, as shown in Figure 4b,
the Ni 2p1/2 peak at 872.9 eV and the corresponding satellite
peak at 8822 eV>* are still detectable, while a characteristic
peak of Ni(0) appears at 852.6 eV>**° instead of the Ni**
characteristic peaks for both replicas. The XPS results of Ni 2p
prove that NiO on the surface of catalysts is reduced to metallic
Ni® by generated H, during a temperature-dependent catalytic
test, and this evidence is consistent with the ex-situ XRD data in
Figure 2b. Meanwhile, despite the slight difference in intensity,
the Ce 3d characteristic peaks of the two replicas (Figure 4c
and 4d) correspond well to the ones of oxidized Ce0,.°° The
Ce 3d characteristic peaks remain unchanged after a temper-
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Figure 2. X-ray diffraction (XRD) patterns of (a) typical fresh replicas produced via AASA; (b) replicas after temperature-dependent catalytic tests
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Table 1. Physical Properties of Typical Fresh and Used Replicas

sample (fresh)
NiO

NigsCe 5O,

Niy 5Aly 5O,

Nig sCeq1Alp40,

surface area/m” g~ dyjo/nm®
25 15.9
152 54
278 4.6
149 3.6

“Calculated from XRD patterns using the Scherrer equation.

sample (used) surface area/m” g™* dy;/nm”
NiO - 33.1
NigsCeo O, 34 16.5
NiAly O, 175 8.9
NigsCeq Al 4O, 106 7.6
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Figure 3. Nitrogen sorption isotherms of representative replicas produced via AASA: (a) NijsCe(sO,; (b) NigsAlysO,; (c) NigsCe Al 40,; and (d)
NiO. The respective Barrett—Joyner—Halenda (BJH) pore size distributions are shown in the inset figures.
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Table 2. EXAFS Fitting Results (R: Distance; CN: Coordination Number) on Ni—O and Ni—Ni Shells of the Ni-Based Catalysts

Ni—O
sample R [A]

Ni foil” _

NiO* 2.084 6
NigsCeq 5O, (fresh) 2.08 + 0.02 6
Nips8lys O, (fresh) 2.07 + 0.01

Nig sCeq 1Al 40, (fresh) 2.07 £ 0.01

NipsCeqsO, (used) 2.08 + 0.04 3.
NipsAlys O, (used) —

Nig sCey1Aly40, (used) 2.07 = 0.03 1

“Calculated from the Ni or NiO structural model.

Ni—Ni
CN R [A] CN

2.492 12
2.947 12
2.96 + 0.01 12
2.97 + 0.01
2.96 + 0.01

7+ 14 2.48 + 0.02 42 +£12
2.95 + 0.02 60+ 1.9
2.49 + 0.01 7.6 + 0.9

3+06 2.48 + 0.02 3.5+ 08
2.95 + 0.02 41+ 11

ature-dependent catalytic test, indicating CeO, maintains the
valence of +4 during the catalytic process in all catalysts.

The investigations using XRD and XPS give the general
structural information for the Ni-based catalysts; however, the
local structure around the measured Ni atoms, which is very
important to identify the catalytically active site, was missing.
Here, X-ray absorption fine structure (XAFS) technique was
used to investigate the structure in the Ni-based catalysts with
different components, which is elementally sensitive and very
powerful to determine the electronic and local structure of
metals. In the X-ray absorption near edge structure (XANES)
region (Figure Sa), the edge energy, the white line intensity,
and the pre-edge features are clearly related to the oxidation
state of Ni(II) (NiO as reference) for all the fresh samples,
which is consistent with the XPS results (Figure 4). Meanwhile,
the extended X-ray absorption fine structure (EXAFS) fitting
results in Figure Sc and Table 2 confirm the identical local
structure as bulk NiO for the Ni—Ce—Al—O catalysts before
the catalytic tests for the ammonia decomposition reaction, i.e.,
first shell of Ni—O at 2.07—2.08 A with CN = 6 and second
shell of Ni—Ni at 2.96—-2.97 A with CN = 12.
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The catalytic performance of the Ni-based mesoporous
microspheres for the production of hydrogen from the
decomposition of ammonia was investigated in detail. We
used Ni—Ce—O, Ni—Al-O, and Ni—Ce—Al-O systems as
catalysts of ammonia decomposition, with the pure NiO sample
as reference catalyst. In order to optimize the catalytic
properties of the Ni—Ce—O, Ni—Al-0O, and Ni—Ce—Al-O
catalysts, replicas with different Ni/M (M = Ce or Al) ratios
were synthesized and tested. Among all the synthesized
catalysts, the replica of Ni,Ce,sO, and NijAlyO, with the
highest ammonia conversion was chosen as typical examples
from Ni—Ce—O and Ni—AI—O systems (Figure S3a and S3b).
For Ni—Ce—AI—-O catalysts, the Ce/Al ratio is tuned, and the
molar ratio of Ni is fixed at 50% of all metal elements. All Ni—
Ce—Al-O catalysts with different Ce/Al ratios give nearly the
same NH; conversion (Figure S3c), suggesting the Ce/Al ratio
in the Ni—Ce—Al—-O system does not have a straight impact on
catalytic activity.

Generally speaking, the size of the metallic Ni’ domain has a
straight relationship to the activity of the catalysts. The smaller
the Ni’ domain is, the higher activity the catalyst may reach.
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Figure 6. (a) Catalytic activities of three representative replicas of mono-, bi-, and trimetal oxide catalysts. (b) Stability tests of the representative
replicas at 600 °C (GHSV = 18 000 cm® g~ h™'). (c) Stability tests of the representative replicas at 600 °C (GHSV = 90000 cm® g”' h™"). (d)
Hydrogen formation rate of Nij;Ce Al 40, and NijsCe;Aly 4O, cp during stability test (the data from the end of tests at 45 h, 600 °C, GHSV =
90000 cm® g™! h™') and of Ni/MCM-41 catalyst*® and 2 wt % Ru/graphite catalyst.*®

This tendency is coherent with previous results from ultraviolet
photoelectron spectrometer (UPS)/XPS investigation,””*"
which suggests a pronounced structure sensitivity of Ni’ for
ammonia decomposition. The low NH; conversion (about 8%
at 600 °C) (Figure 6a) and the large crystalline domain size
(15.9 nm, Table 1) of a pure NiO replica further prove this
tendency. For common promoters of nickel-based catalyst for
ammonia decomposition, cerium is known to have a better
performance on the enhancement of activity over alumi-
num;””*° however, the impacts of promoter and support are to
be explored in the Ni—Ce—Al-O composite system. As
illustrated in Figure 6a, the NH; conversion of the Nij;Ce, 5O,
replica is obviously higher than that of Nij;Aly 5O, at 350—550
°C, so the Ni—Al-O system is not an excellent catalyst for
ammonia decomposition compared to the Ni—Ce—O with
respect to catalytic activity. However, during the long-term
stability test, the NH; conversion of Niy;Ce(sO, plummeted
from 100% to 10% within 45 h at 600 °C, undergoing an
obvious deactivation process (Figure 6b), which suggests that
the NiyCe(O, catalyst was unstable under this reaction
condition. By contrast, though the catalytic activity is relatively
lower, NijsAlysO, exhibited better stability under 600 °C
during the long-term tests (Figure S4).

Based on former results, we further developed a Ni—Ce—Al—
O system, aiming to keep the high catalytic activity and boost
the stability. Knowing that Al is much cheaper than Ce, replicas
with the lowest (NiysCeg,Aly4O,) Ce/Al ratio were chosen as
typical catalysts for further investigations. The catalytic activity
of the NijsCe, Al ,O, catalyst is similar to that of Nij;;Ce, 5O,
(Figure 6a), and the NijsCey,Aly,O, catalyst shows great
stability under 600 °C during the long-term tests compared
with the Nij;Ce, O, sample (Figure 6b). The NiysCe, Al 40,
catalyst exhibited the same excellent stability with Ni, Al O,
at a very high space velocity of 90000 cm® g~' h™' with much
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higher NH; conversion (Figure 6¢c and Figure S4).
Furthermore, it is interesting to note that NijsCey,Aly,0,
prepared via the AASA route exhibited much higher catalytic
activity compared with the catalyst with same composition
prepared by the coprecipitation method (NiysCe;Al;,O, cp,
Figure 6¢), confirming the superiority of the AASA approach.
Figure SS shows that the surface areas of cp replicas both
exceed 200 m” g7/, so the lower catalytic activity of cp replicas
cannot be attributed to the factor of low surface area. Such
difference in the NH; conversion of the catalysts with the same
compositions may be ascribed to different synthetic procedures.
For AASA, the assembly of the microspheres completed within
several seconds in gas, while the coprecipitation method
included an aging process in solution, which brings differences
in interactions of Ni-, Ce-, and Al-species.

As shown in Figure 6d, the tricomponent replica
NigsCe Al 4O, exhibited a very high hydrogen formation
rate of 109 mmol g~' min~' (at 45 h) during a long-term
stability test at 600 °C. This hydrogen formation rate is roughly
4 times that of the reported supported nickel catalyst (Ni/
MCM-41 catalyst,49 24 mmol g_1 min~' at 600 °C), 3 times
that of the supported ruthenium catalyst (2 wt % Ru/graphite
catalyst,35 37 mmol g_1 min~! at 450 °C), and 2 times that of
the NiysCey;Aly4O, cp catalyst (53 mmol g™' min™"). The
above results fully prove the superiority on the catalytic
performance of the tricomponent NiyCej,Aly,O, catalyst,
which is both highly efficient and stable for ammonia
decomposition. The apparent activation energy (Eapp) of NH,4
decomposition over the catalysts was calculated with the
Arrhenius equation from the catalytic data obtained in the
kinetics region. As shown in Figure S6, the E,,, values of
Ni,Cey50, (137.1 k] mol™), NiyAlysO, (113.5 k] mol™),
and NigCe,,Aly,O, (118.0 k] mol™') have little difference,
indicating the same reaction pathway in NH; decomposition
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Figure 7. (a) Temperature-programmed reduction by hydrogen (H,-TPR) profiles over four typical catalysts; (b—d) in situ X-ray diffraction (in situ
XRD) patterns under a similar condition (5% H,/Ar gas) to that of H,-TPR measurement of typical replicas produced via AASA. (b) NigsCe(5O,s

(C) NigsAly 5O, (d) NipsCeg 1Al 40,

for these catalysts. Therefore, the difference in activity and
stability among these Ni—Ce—O, Ni—Al—0, and Ni—Ce—Al—
O catalysts may come from the textural difference.

XRD patterns of the catalysts after the catalytic tests are
shown in Figure 2b and 2c. It is found that diffraction peaks of
cubic metallic Ni® emerged; meanwhile, rhombohedral nickel
oxide was not detected, indicating NiO is reduced to metallic
Ni’ by the generated H, during the reaction. The crystal phase
of CeO, does not change after temperature-dependent catalytic
tests, and diffraction peaks of crystallized Al,O; or other Al
species are absent. SEM images of replicas after temperature-
dependent catalytic tests are displayed in Figure S6. The
reduced metallic Ni® particles are observed to aggregate on the
surface of microspheres. The physical properties of replicas
after the stability test with 18000 cm® g™' h™" space velocity are
listed in Table S1. The sizes of the metallic Ni’ crystalline
domain in each replica were also calculated according to the
XRD patterns shown in Figure 2c. Compared to data in Table
1, all tested replicas went through a loss of the surface area, and
the aggregation of Ni species led to the size increase of Ni’
particles.

In order to examine the redox property and interaction
between different components, which is related to the activity
of the catalyst for NH; decomposition, temperature-pro-
grammed reduction by hydrogen (H,-TPR) was carried out
over nickel-based mesoporous microsphere products. The TPR
profiles corresponding to nickel-based catalysts are depicted in
Figure 7a. As can be seen, at the high temperature range of
750—1000 °C, there is a weak reduction peak (y) for
NijCe( 5O, (750 °C) and NijCey;Aly,0, (866 °C), which
is ascribed to the reduction of crystalline CeO,. At low
temperatures up to about 240 °C, there is a small and sharp
peak for NiyCeysO, (239 °C) and a weak and broad peak
observed on NijCegy;Aly 40, (240 °C). We mark this peak as
the @ peak. According to former reports,”' ™ this reduction
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peak (a) is attributed to the reduction of the absorbed surface
oxygen, indicating that the introduction of ceria brings in
oxygen vacancies for the Ce-containing catalysts. The peaks (/)
appearing at temperatures from 300 to 750 °C are related to
the reduction of nickel oxide to metallic Ni’. As for
NijsCeysO,, there is only one reduction peak (1) centered
at 320 °C, which appeared at lower temperature compared to
that of the pure NiO sample (at 341 °C), showing that the ceria
interacts with nickel oxides, which makes the release of lattice
oxygen from nickel oxide more easy and thus promotes its
reducibility. The interaction with ceria gives nickel oxide an
easier reduction, which means an easier appearance of the
active sites, metallic Ni’. From this point, the ceria—nickel oxide
interaction is very likely to enhance the catalytic activities.
Three reduction peaks (81, 2, and f3) were observed from
NijsAly 5O, at reduction temperatures at 358, 535, and 670 °C.
The reduction peak at 358 °C corresponds to the reduction of
crystalline NiO (f1), and the reduction peaks at higher
temperatures are attributed to reduction of Ni—O species
having weak (f2) and strong interaction (/3) with amorphous
ALO,.*** For NiysCey,Aly40,, the interaction becomes
stronger with increasing alumina content, and the reduction
peak (f33) appears at a high temperature (692 °C). According
to the data in Tablel, we conclude that this strong interaction
helps improve the dispersion of nickel oxide and greatly holds
back the size increase of metallic Ni’ during the catalytic
process. Based on the above H,-TPR results, it is clearly shown
that the ceria—nickel oxide and alumina—nickel oxide
interactions are both closely related to the catalytic activity
and stability of the catalyst.

The reduction process was further studied using an in situ
XRD technique in a 5% H,/Ar gas mixture under a similar
condition to that of H)-TPR measurement. The corresponding
in situ XRD patterns are exhibited in Figure 7b to 7d. The
temperature region is the same as that of the temperature-
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dependent catalytic cycles. As shown in Figure 7b and 7c, the
characteristic peaks of metallic Ni’ appeared at 400 °C for both
Nij;sCe;sO, and NijsAlysO,, indicating the reduction is
underway. For Niy;Ce;sO,, the characteristic peaks of NiO
are absent in any high-temperature tests, which coincides with
the H,-TPR profile, revealing that the reduction of Nij;Ce, 5O,
completes at about 400 °C (Figure 7a). Also, the CeO, peaks of
Nij Ce 5O, sharpen when temperature increases, which means
CeO, nanocrystals in Nij;CeysO, aggregate and grow.
However, for NiysAlysO,, the characteristic peaks of NiO
gradually diminished with temperature increasing and finally
vanished at 600 °C. The prolonged reduction process could be
explained by the noteworthy interaction between NiO and
AlO;, as confirmed by the H,-TPR results. In Figure 7a, the
reduction of NijsAl;sO, completes at about 800 °C. The
difference in the temperatures of full reduction from in situ
XRD (600 °C) and H,-TPR (800 °C) characterizations might
be attributed to different heating modes. Furthermore, Figure
7d shows that the CeO, peaks of Nij;Ceg Aly,O, are much
wider than those of Ni,Ce(O,, and the other Ni—Ce—Al-O
catalyst, such as Niy;Ceg4Al,;O,, gives the same result (Figure
S7a). According to the calculation with the Scherrer equation,
as shown in Figure S7b, the crystalline domain size of CeQO, in
NijCe( 50, is 4.5 nm at 25 °C and 19.8 nm at 700 °C, while
that in Nij ;Ce Al ,O, and Ni, Ce, 4Al; O, is 4.4 nm at 25 °C
and 4.7 nm at 700 °C, 3.5 nm at 25 °C, and 5.4 nm at 700 °C,
respectively. This observation denotes that the addition of
Al,Oj; can not only interact with NiO but also stabilize CeO,,
and thus the skeleton of the microsphere is maintained. Hence,
the excellent boost in activity of CeO, and remarkable
stabilization of Al,O; are both essential to the high-perform-
ance nickel-based catalysts.

We have mentioned that the crystalline size of the metallic
Ni® domain is supposed to be the main factor that determines
the activity of the catalysts for NH; decomposition. For
different catalysts, the degrees of reduction could be
distinguished by comparing the metallic Ni® domain size. For
example, as shown in Figure S8 and Figure 8, aggregation of
metallic Ni’ particles could be clearly seen after both a
temperature-dependent catalytic test and the long-term stability
test at 600 °C (Figure S8a and b, Figure 8a and b), while within

Figure 8. SEM images of typical replicas after long-term stability test
at 600 °C: (a) NigsCeysO, (b) NigsAlysO,5 (c) NigsCe,Aly 40,
(GHSV = 18,000 cm® g™' h™").

the selected area aggregation of metallic Ni° in Niy;Ce,;Aly 40,
hardly took place (Figures 8c, S8c, S11, and S12). According to
a series of calculations (Table 1 and S1), the metallic Ni° in
NigsCeq 5O, grew from 5.4 nm (fresh replicas) to 16.5 nm after
the temperature-dependent catalytic cycles (used replicas), and
the average diameter of metallic Ni” domains reached 20.5 nm
after stability test (AST replicas) of 45 h at 600 °C (Figures 9

S

Figure 9. SEM images of NijsCeysO, (3, b) and Nij;Ce,Al,,0, (c,
d) after temperature-dependent catalytic tests (a, c) and after stability
test at 600 °C (b, d) (GHSV = 18000 cm® g~ h™").

205 I Fresh
I Used
I After Stability Test

204

16.5

(nm)

154

104

Ni-species

d

Al O

01 04 x

Ni, Ce, O, Ni Al O, Ni,,Ce,
Figure 10. Crystalline domain size of NiO for the multimetal oxide
catalysts (calculated from XRD patterns using Scherrer equation)
before the temperature-dependent catalytic test and metallic Ni° after
temperature-dependent catalytic test and stability test (GHSV =

18000 cm® g™' h7').

and 10). This crystalline size increase also demonstrates the
unstable nature of the Niy;Ce, O, catalyst. However, when it
comes to NijsAlyO,, the growth of metallic Ni® domains was
clearly restricted (4.6, 8.9, and 10.0 nm for fresh, used, and AST
replicas, respectively, seen in Figures 9 and 10). This significant
difference further proves our conclusion of TPR results, which
stresses the importance of the alumina—nickel oxide interaction
greatly holding back the reduction process. Besides, considering
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the in situ XRD characterizations, it was observed that Al,O4
also had an interaction with CeO,, which could prevent the size
increase of CeO, and keep the homogeneous dispersion of the
active sites. Due to the prominent resistance to sintering of the
Al,O; component, the loss of surface area for used NijAl, O,
and NiysCe(,Al,O is also suppressed (Figure S12). The
antisintering property allows the Al-containing microspheres to
maintain their mesoporous structure to the maximum extent at
high temperatures.

It is noticed that, besides the domain size effect of metallic
Ni’, the interaction between CeO, and Ni(Il) species could
play an important role in the activity enhancement of the
catalyst. The XANES spectra for the used catalysts after long-
term stability tests in Figure 6¢ exhibit that nickel species in
NigsAly 5O, were significantly reduced to metallic Ni’, while
nickel in the other samples (Ni,;Ce, O, and Nij;Ce,;Aly,O,)
was a mixture of metallic Ni’ and Ni(II) species. The related
EXAFS fitting results in Figure 5d and Table 2 identify that for
all the used Ce-containing samples, besides the presence of
metallic Ni°, a new shell of Ni—Ni at 2.95—2.98 A with different
coordination numbers from 2.7 to 6.0 was also formed.
Compared with the NijsAljsO, sample, some locally
disordered Ni—O species that are missing in the XRD patterns
(Figure 2b) were examined in the Ce-containing samples using
the EXAFS technique, indicating a special interaction between
ceria and related nickel species. The enhancement of the
activity of the Ce-containing catalysts could come from this
interaction.

B CONCLUSIONS

In summary, after a case study of Ni—Ce—O, Ni—Al-0O, and
Ni—Ce—Al-O catalysts for ammonia decomposition, the
AASA has been proved to be a dependable way to prepare
mesoporous metal oxide materials with tuned compositions.
The structural characterizations combining catalytic tests
demonstrated the structure—property relationship that metallic
Ni® is the active site, and the NH; conversion declines
apparently with the increase of metallic Ni° crystalline domain
size. The introduction of ceria can greatly enhance the catalytic
activity of nickel catalyst at relatively low temperatures due to
the strong interaction of nickel oxide and ceria. However, the
durability for the Ni—Ce—O system at high temperature in
catalysis is poor due to the sintering of both nickel and ceria
species under reductive conditions. Meanwhile, the addition of
alumina effectively suppressed the growth of both active
metallic Ni° and ceria promoter in Ni—Ce—Al—O catalyst that
both have excellent activity and high stability. Therefore, this
work will give inspirations for searching high-performance
catalysts among the group of metal oxide materials and also
provide a facile approach to potential practical applications.
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